Introduction {#sec1-1}
============

Peroxisome proliferator-activated receptors (PPARs) are transcription factors belonging to the nuclear receptor superfamily. The three known PPAR subtypes, α, γ, and δ, show different tissue distributions and are associated with selective ligands and primarily involved in regulation of lipid metabolism, cellular proliferation, and inflammatory response.\[[@ref1]\] Accumulating evidences clearly suggest that PPAR-β/δ receptor play an important role in the regulation of inflammation, in a wide array of experimental models, including LDL-/-knock-out mice,\[[@ref2]\] experimental autoimmune encephalitis,\[[@ref3]\] and diabetic nephropathy in the rat.\[[@ref4]\] Although, PPAR-β/δ has been suggested as a novel therapeutic anti-inflammatory target site for the management of chronic inflammatory diseases, but its role in carrageenan-induced paw edema in rats, a well-established and commonly used model of acute inflammation and inflammatory pain, has not yet been studied. GW0742 and GSK0660 have been reported to be a selective PPAR-β/δ receptor agonist and antagonist, respectively.\[[@ref5][@ref6]\] The all-trans retinoic acid (ATRA) is an acid form of vitamin A, which is also known as tretinoin. It is commonly used to treat acne vulgaris and promyelocytic leukemia (APL).\[[@ref7]\] ATRA has been shown to protect neurons from inflammation-associated injury via suppression of pro-inflammatory cytokines and inducible nitric oxide (NO) synthase.\[[@ref8]\] *In vitro* studies using human chondrocytes have demonstrated that ATRA suppresses pro-inflammatory cytokine-induced matrix metalloproteinases (MMPs) production andIL-1-induced TNF -α production.\[[@ref9]\] We have recently reported that 2-week administration of ATRA significantly alleviated the allodynia and hyperalgesia in chronic constriction injury of sciatic nerve-induced neuropathy, possibly via decreased levels of oxido-nitrosative stress, along with improved anti-oxidant enzymes.\[[@ref10]\] However, molecular mechanisms involved in the observed beneficial effects are not delineated.

An *in vitro* transcription/translation assay using COS-2 cell line demonstrated that ATRA acts as a high affinity ligand for PPAR-β/δ.\[[@ref11]\] Therefore, it may be probable to speculate that ATRA-induced anti-inflammatory and anti-hyperalgesic effects may be mediated through activation of PPAR-β/δ receptors. Thus, the present study was designed to investigate the role of PPAR-β/δ receptors in carrageenan-induced inflammation and in the anti-inflammatory effects of ATRA.

Materials and Methods {#sec1-2}
=====================

 {#sec2-1}

### Animals {#sec3-1}

Adult male Wistar rats, weight about (180-250 g), were fed on standard chow diet (Ashirwad Industries, Ropar, India) and water ad libitum. The experimental protocol used in the present study was approved by the Institutional Animal Ethical Committee (approval no. ISF/IAEC/M1/Committee for the Purpose of Supervision and Control of Experiments \[CPCSEA\]/P9/2011; dated on 8.10.2011) and carried out in accordance with the guidelines of the CPCSEA on animals for the use and care of experimental animals.

### Drugs and chemicals {#sec3-2}

λ-Carrageenan, ATRA, PPAR-β/δ agonist (GW0742), PPAR-β/δ antagonist (GSK0660) were purchased from Sigma-Aldrich Corporation, India. ATRA for oral (p.o) administration was freshly prepared by suspending in Carboxymethylcellulose (CMC) (0.5% w/v in saline). GW0742 and GSK0660 for (i.p) administration were freshly prepared by dissolving in DMSO (10% w/v in saline).

### Study design and protocol {#sec3-3}

Rats were randomly allocated to the following groups: Group I: Vehicle treated carrageenan control; Group II: ATRA (5 mg/kg/p.o, 4 days) treated; Group III: GW0742 (PPAR-β/δ agonist) (0.1 mg/kg/i.p, 4 days) treated; Group V: GSK0660 (0.3 mg/kg/i.p, 4 days) treated; Group VI: GSK0660 (0.3 mg/kg/i.p, 4 days) + ATRA (5 mg/kg/p.o,4 days) treated; Group VII: GSK0660 (0.3 mg/kg/i.p, 4 days) + GW0742 (0.1 mg/kg/i.p, 4 days) treated.

### Induction and assessment of paw edema {#sec3-4}

The λ-carrageenan (0.1 ml of 1% w/v) was injected into intra-plantar (i.pl.) region of the hind paw was to produce acute paw inflammation. The paw volume, up to the ankle joint, was recorded using mercury plethysmography (INCO, Ambala), before (-96 and 0 h) and at 1, 2, 3 and 4 h post-carrageenan injection.\[[@ref12]\]

### Assessment of mechanical hyperalgesia (MH) {#sec3-5}

The threshold for touch sensitivity was measured in both hind paws, using an automated apparatus for applying reproducible light touch (Dynamic plantar Aesthesiometer 37400-002; UgoBasile, Comerio, Italy). The maximum value of force in grams (50 g) was previously fixed.\[[@ref13]\]

### Assessment of thermal hyperalgesia (TH) {#sec3-6}

The paw withdrawal latencies (PWLs) to thermal stimuli were determined using a Plantar Test Apparatus that records automatically using the photodiode motor sensors (37370-002 UgoBasile, Comerio, Italy). Rats were placed individually in Plexiglas cubicles mounted on a glass surface maintained at 25 ± 2°C. A cut-off latency of 20 s was imposed to avoid tissue damage.\[[@ref13]\]

Estimation of Biochemical Parameters {#sec1-3}
====================================
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### Ipsilateral rat paw homogenate preparation {#sec3-7}

Animals were sacrificed 5 h after carrageenan injection, by survical dislocation, the ipsilateral paw was cut and skin removed. Tissue from the pads of the rat hind paw was removed with a scalpel and 5-mm pieces were then obtained with a tissue punch and each piece was homogenized in a phosphate buffer solution. The homogenate was centrifuged at 10,000 ×g for 15 min, aliquots of supernatant separated and used for biochemical estimation.

### Measurement of malondialdehyde (MDA) {#sec3-8}

The thiobarbituric acid reactive substances assay, based on MDA measurement by spectrophotometrically at 532 nm as described previously was used. Results were expressed as nmol of MDA per mg protein.~[@ref13]~

Measurement of Nitrite Content {#sec1-4}
==============================

The nitrite content, an indicator of the production of NO, was determined spectrophotometrically at 540 nm, as described previously.\[[@ref14]\]

 {#sec2-3}

### Measurement of myeloperoxidase (MPO) activity {#sec3-9}

MPO activity, an indicator of polymorphonuclear leukocyte (PMN) accumulation, was determined spectrophotometrically at 650 as described previously.\[[@ref15]\] MPO activity was defined as the quantity of enzyme degrading 1 μmol peroxide/min at 37°C and was expressed in milliunits per gram wet tissue.

### Statistical analysis {#sec3-10}

The data were expressed as Mean ± SEM. The obtained data for the biochemical parameters was analysed by means one-way ANOVA followed by Tukeys multiple test. Whereas, data obtained for behavior testing was analysed by two-way ANOVA followed by Bonferroni *post-hoc* test. *P* \< 0.05 was adopted as a criterion of significance. Statistical analysis was performed by means of graph PAD prism Software programs (Version 5.0).

Results {#sec1-5}
=======

Effect of various PPAR-β/δ-receptor modulators on paw volume in carrageenan-induced paw edema in Wistar rats

The i.pl injection of carrageenan (0.1 ml, 1%w/v) significantly increased the paw volume after 1, 2, 3and 4 h post-injection, as compared to basal paw volume. Treatment with ATRA (5 mg/kg/p.o/4 days) and GW0742 (0.1 mg/kg/i.p/4 days), significantly decreased the paw volume, as compared to vehicle treated control. Administration of GSK0660, a selective PPAR-β/δ antagonist (0.3 mg/kg/i.p/4 days), did not produce any significant effect on carrageenan-induced increase in paw volume. However, co-administration of GSK0660 (0.3 mg/kg/i.p/4 days) along with both ATRA (5 mg/kg/p.o/4 days) and GW0742 (0.1 mg/kg/i.p/4 days), significantly attenuated the decrease in paw volume, as compared to ATRA and GW0742, alone treated groups \[[Figure 1](#F1){ref-type="fig"}\].

![Effect of peroxisome proliferator-activated receptors-β/δ modulators on paw volume in carrageenan-induced paw edema in Wistar rats. All values are expressed as a mean ± SEM (*n* = 6). a = *P* \< 0.05 versus Basal; b = *P* \< 0.05 versus VC; c = *P* \< 0.05 versus all-trans retinoic acid (5 mg/kg/p.o/4 days); d = *P* \< 0.05 versus GW0742 (0.1 mg/kg/i.p/4 days) versus GW0742](IJPharm-45-278-g001){#F1}

Effect of various PPAR-β/δ-receptor modulators on MH and TH in carrageenan-induced paw edema in Wistar rats

The i.pl injection of carrageenan significantly decreased the mechanical threshold and PWL to thermal stimuli, at both observed intervals. It indicates the development of mechanical and TH. Treatment with ATRA (5 mg/kg/p.o/4 days), GW0742 (0.1 mg/kg/i.p/4 days), significantly attenuated both mechanical and TH as compared to vehicle treated control. Administration of GSK0660, a selective PPAR-β/δ antagonist, at a dose of (0.3 mg/kg/i.p/4 days), did not produce any significant effect on carrageenan-induced mechanical and TH. However, co-administration of GSK0660 (0.3 mg/kg/i.p/4 days) along with ATRA (5 mg/kg/p.o/4 days) and GW0742 (0.1 mg/kg/i.p/4 days) significantly reversed the decreased mechanical and TH as compared to ATRA and GW0742, alone treated groups \[[Figure 2](#F2){ref-type="fig"}\].

![Effect of peroxisome proliferator-activated receptors-β/δ modulators on mechanical hyperalgesia (a) and thermal hyperalgesia (b) in carrageenan-induced paw edema in Wistar rats. All values are expressed as a mean ± SEM (*n* = 6). a = *P* \< 0.05 versus Basal; b = *P* \< 0.05 versus VC; c = *P* \< 0.05 versus all-trans retinoic acid (5 mg/kg/p.o/4 days); d = *P* \< 0.05 versus GW0742 (0.1 mg/kg/i.p/4 days) versus GW074](IJPharm-45-278-g002){#F2}
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### Effect of PPAR-*β/δ*-receptor modulators on increased levels of MDA, nitrate and MPO in carrageenan injected ipsilateral rat paw {#sec3-11}

The i.pl injection of carrageenan significantly increased MDA, nitrate and MPO levels in ipisilateral paw, as compared to contralateral paw (the vehicle treated control). Treatment with ATRA (5 mg/kg/p.o/4 days), and GW0742 (0.1 mg/kg/i.p/4 days), significantly decreased levels of MDA, nitrate and MPO as compared to vehicle control. Administration of GSK0660, a selective PPAR-β/δ antagonist, at a dose of (0.3 mg/kg/i.p/4 days), did not produce any significant effect on carrageenan-induced increase in levels of MDA, nitrate and MPO as compared vehicle treated control. However, co-administration of GSK0660 (0.3 mg/kg/i.p/4 days) along with ATRA (5 mg/kg/p.o/4 days) and GW0742 (0.1 mg/kg/i.p/4 days), significantly reversed the decrease in the levels of MDA, nitrate and MPO as compared to ATRA and GW0742, alone treated groups \[[Table 1](#T1){ref-type="table"}\].
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Discussion {#sec1-6}
==========

The results of the present study demonstrate that 4 days repeated administration of both ATRA (5 mg/kg/p.o.) and PPAR-β/δ agonist, GW0742 (0.1 mg/kg/i.p.), produced significant anti-inflammatory and anti-hyperalgesic activity. Administration of PPAR-β/δ antagonist, GSK0660 at a dose (0.3 mg/kg/i.p, for 4 days), per se, did not produce any significant effect, however, concurrent administration of GSK0660 (0.3 mg/kg/i.p, for 4 days) along with ATRA (5 mg/kg/p.o, 4 for days) significantly reversed the anti edematogenic and anti-hyperalgesic effect of both GW0742 and ATRA. The observed beneficial effects of GW0742 and ATRA are correlated with decreased levels of oxido-nitrosative stress markers and MPO.

Although, carrageenan-induced paw edema is a most commonly used the standard technique to screen anti-inflammatory activity, it can also be used as simple routine animal model for the evaluation of inflammatory pain, without any injury to the inflamed tissue.\[[@ref12]\] Carrageenan-induced paw edema is a biphasic response. The first phase (0-2 h) is associated with the release of several mediators such as histamine, serotonin, and kinins. The second phase (3 h onward) inflammation is sensitive to most clinically effective anti-inflammatory drugs, which is primarily due to the enhancement of inducible cyclooxygenase isoenzyme, (COX-2) and subsequent formation of prostaglandins.\[[@ref16][@ref17]\] It is now well-accepted that the sensitization of primary sensory neurons is essential to inflammatory pain. In humans, this nociceptor sensitization usually leads to clinical conditions known as hyperalgesia (an increased response to a painful stimulus) or allodynia (pain evoked by non-noxious stimuli).\[[@ref18]\] Similarly, carrageenan-induced inflammatory hypernociception is characterized by mechanical allodynia and TH in rats, which is due to release of a cascade of the hypernociceptive cytokines such as TNF-α and interleukin-1 β. These cytokines induce the expression of COX-2 and iNOS,\[[@ref19][@ref20]\] which ultimately result in elevated oxido-nitrosative stress in the inflamed paw.\[[@ref21][@ref22][@ref23]\] Consistent with this, in the present study, the i.pl administration of carrageenan significantly increased paw volume, thermal and MH, along with increased oxido-nitrosative markers.

Pre-treatment with PPAR-β/δ agonist, GW0742 (0.03 mg/kg, i.v), has been shown to attenuate lipopolysaccharide-induced organs dysfunction and decreased mortality in mice. These beneficial effects are mediated through activation of PPAR-β/δ and subsequent inhibition of NF-ĸB activation and iNOS expression.\[[@ref6]\] GW0742 (0.3 mg/kg, i.p.) also shown to cause a reduction in inflammatory responses such as PMN accumulation and oxido-nitrosative stress in carrageenan-induced pleurisy test.\[[@ref23]\] GW0742 also significantly ameliorated the recovery of spinal cord injury-induced limb dysfunction due to activation of PPAR-β/δ receptors.\[[@ref24]\] Further, GW0742 reduced Lipopolysaccharide (LPS) -induced iNOS protein and activity in the rat microglia and astrocytes *in vitro*.\[[@ref3]\] In addition, PPAR-β/δ ligand has also been shown to release anti-inflammatory co-repressor Bcl-6, from PPAR-β/δ and becomes free to repress pro-inflammatory pathway.\[[@ref25][@ref26][@ref27]\] Thus, in the present study the observed anti-inflammatory and anti-hyperalgesic effect of GW0742 may be due to activation of PPAR-β/δ.

ATRA, the most active metabolite of vitamin A, has been shown to regulate a wide range of biological processes; such as cell proliferation, differentiation, morphogenesis, and immunomodulation etc. ATRA modulates the cellular activity by binding with specific nuclear receptors, which can be grouped into two families, the Retinoid Acid Receptors (RAR) and the Retinoid X Receptors (RXR).\[[@ref11]\] Vitamin A deficiency is associated with enhanced inflammatory reactions, hyperplasia, and cancer.\[[@ref28]\] *In vitro* studies, using human chondrocytes demonstrated that ATRA suppressed pro-inflammatory cytokine-induced MMPs production, and reduced IL-1-induced TNF-α production in chondrocytes.\[[@ref9]\] The *in vitro* transcription/translation assay using COS-2 cell line demonstrated that all trans-retinoic acid act as a high affinity ligand for PPAR-β/δ.[@ref11] In addition, *in vivo* studies using the high fat diet in the mouse model of obesity, demonstrated that the beneficial effect such as decreased food intake, body temperature, triglyceride and insulin levels, induced by ATRA are largely mediated by PPAR-β/δ.\[[@ref29]\]

Recently, we have demonstrated that ATRA significantly alleviated the mechanical and TH and cold allodynia in CCl-induced peripheral neuropathy, which was associated with decreased levels of oxido-nitrosative stress, along with improved anti-oxidant enzymes levels.\[[@ref10]\] In the present study, concurrent administrations of GSK0660 at dose (0.3 mg/kg/i.p, 4 days) significantly reversed the ATRA-induced anti-inflammatory and anti-hyperalgesic effect. This indicates that ATRA induced beneficial effects may be due to activation of PPAR-β/δ receptor, since, exogenous administration of SOD, Superoxide Dismutase (SOD) mimetic and NO synthase inhibitors are shown to produce anti-inflammatory and anti-nociceptive effect in carrageenan induced inflammatory pain in rats;\[[@ref21][@ref30]\] Therefore, these data, along with the results of the present study, reveal that pharmacological administration of GW0742, PPAR-β/δ receptor agonist and ATRA produced beneficial effects may due to an inhibitory effect on release of pro-inflammatory cytokines and subsequent generation of oxido-nitrosative stress, which are secondary to activation of PPAR-β/δ receptors; since, the observed beneficial effects were almost completely abolished by co-administration of GSK0660, a selective PPAR-β/δ receptor antagonist.

Conclusion {#sec1-7}
==========

From the above findings, it can be concluded that ATRA exerts anti-inflammatory and anti-hyperalgesic effect, possibly through activation of PPAR-β/δ receptors and subsequent reduction of oxido-nitrosative stress.
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